122 Mummery: Structure and Arrangemnent of Enamel Prisrns I think, thrown fresh light on the subject, and tends to corroborate the description of the ultimate structure of the enamel prism as given by Smreker and von Ebner.
The peculiar structure of the enamel of the elephant reminded me of the illustrations in Professor von Ebner's paper, which I had always found difficult to understand, never having then seen appearances in human enamel such as he has described. A careful study of this paper makes it evident that we have in the enamel of the elephant a structure similar to that described by Smreker as seen in human enamel. In the elephant it is seen on a larger scale, and is more generally shown throughout. This form of modification of the prism was first described by E. Smreker in 1905, and his work is quoted by von Ebner in his paper on enamel, where he expresses surprise that Smreker's observations have not been more generally recognized, the reason for this probably being the great difficulties of observation in human enamel Prickle-cell layer of pavement epithelium. and the necessity of procuring very thin ground sections, Smreker stated that in thoroughly polished sections, either impregnated with silver nitrate or unstained, the cross-section of the prism was not always rounded or hexagonal, but in many places showed a predominant form which reminds one of the arrangement of the cells in a pavement epithelium. He says: " As in the wing or prickle-cell layer of a pavement epithelium, the cells show an arched surface and an under surface furnished with facets, which are conditioned by the arched surface of the underlying cells, so do the enamel prisms also abundantly show an arched surface on one side which is arranged over a more or less concave surface, which is dependent upon the arched surfaces of neighbouring prisms" ( fig. 1 in text). He describes the convex surface as being directed almost without exception towards the dentine. If the prisms lie in regular rows behind one another they show single grooves on the posterior surfaces; if in alternating or irregular rows they show two or more grooves at the back. He confirmed these observations with teased preparations, and von Ebner also investigated the enamel of the wild boar and of the calf, which gave indications of a similar structure. von Ebner, when he first read Smreker's paper, thought as I did, that this appearance was due to the sections being viewed obliquely, but teased preparations showed him that it was an actual structural condition. As I shall presently describe, I have found in successful teased preparations of elephant enamel both the single and the double grooves as well as an arched shape of the broken-up prisms in transverse section.
The authors referred to describe wing processes of the prisms (the "Flugelfortsiitze" of von Ebner), connecting processes between the prisms, which are described as intercolumnar bridges, and a needle-like splitting of the prisms.
Wing Processes of the Prisms.-In teased preparations of most mammalian enamels one finds here and there the so-called wing processes (Plate, figs. 12, 13 and 14). These are lateral projections from the prisms, appearing sometimes as projecting, obliquely directed fibres or processes, sometimes showing a zigzag splitting like an edge of fractured glass. They can be seen extending all across the prisms as well as projecting from its edges, and von Ebner has figured -them in human enamel as enveloping the concavo-convex prisms like a sheath, and projecting on either side. These wing processes are seen not only in forming enamel but also in the completed tissue. Here and there in teased preparations membranous expansions are seen attached to the prisms, and, although von Ebner does not think these are identical with the wing processes, an examination of teased preparations of marsupial enamel has furnished me with considerable evidence that they are identical, as I hope to show presently. Intercolumnar Bridges (Plate, fig. 9 ).-Connecting processes between neighbouring prisms are seen in human enamel, and have been described by Leon Williams. The term " intercolumnar bridges" is suggested by von Ebner for these connecting processes, and I have adopted it in the present paper.
Needle-like Splitting of the Enamel Prisms (Plate, fig. 12 ).-In all teased preparations of mammalian enamel that I have examined the prisms are seen to terminate in oblique, needle-like points at one end, and sometimes at both ends. This splitting is evidently, in most cases, not at the same angle as the projections of the wing processes, and is apparently due to the longitudinal fibrillation of the prisms so evident in the forming enamel of marsupials, and described by Andrews and Leon Williams in human enamel. The direction of these needle-like projections would appear to suggest that they are due to calcification in the direct prolongations of the Tomes's processes of the ameloblasts, which are produced into the longitudinal system of the organic fibres forming the foundation of enamel; the transverse membranes above described-and, as I consider, the wing processes also-forming the fibrillar material which represents the other portion of the organic matrix, both being eventually almost lost to view in the dense calcification of the finished tissue.
I have dwelt upon this investigation of Smreker and von Ebner in order to make clear the explanation of the structure of the enamel of the elephant, and to show that, on a larger scale, the appearances above described (owing to the larger size of the prisms and the more general existence of this mode of arrangement) are more easily demonstrated in the elephant than in human enamel. This study helps to explain more effectually some appearances and, I think, to suggest a different explanation of certain disputed points.
In studying the wing processes I have made use of teased preparations of marsupial enamel, and have found in the kangaroo (Macropus rufus) appearances which, I think, throw considerable light on the nature of these processes. In these animals the processes are much more apparent than in any other enamel I have examined, and have a more feathery appearance-they often pass right across groups of prisms and appear to show a transition into membrane-like expansions. Marsupial enamel appears to give us the key to the formation of other mammalian enamels; it is less perfectly calcified, at all events, in early stages, and the structure is more easily made out than in a tissue which is very rapidly calcified, and in which the early stages of development are soon obscured by the densely deposited lime salts. I have not been able, however, to detect in marsupials the curious interlocking of the prisms seen in elephant and other mammalian enamels; the prisms appear to have the usually described polygonal outlines, and I could detect no longitudinal grooving. It may be that the interlocked prisms indicate a more highly developed and specialized structure of the enamel. While many investigations of the anatomy and macroscopical structure of the molars of the elephant have from time to time appeared, I have not met with any giving details of the microscopic structure of the enamel. Professor Owen, in his " Odontography," refers to it very briefly. He says: " The fibres of the enamel present lines. Their diameter is -a-36 in. They are much less wavy than in the human teeth." As he speaks of them as not being crossed by transverse lines he is evidently speaking of the longitudinal view of the prisms, which have a distinctly crenated outline. Cross-striation of the prisms is distinctly to be seen, however, in teased preparations of elephant enamel as shown in several of my preparations.
In the adult animal the enamel is confined to the molar teeth, but the permanent tusks when erupted have a thin coating of enamel, which is at first entirely covered with cementum even at the tip, as shown in the first instance by Professor W. D. Miller, who made a prolonged and careful study of the anatom.y and pathology of the teeth of the elephant. A section made at right angles to the vertical surface [2] of the lamelle of the molar shows alternate bands of cementum, enamel, and dentine, and as described in a paper by Professor Miller and Dr. Dieck, the
Transverse section of molar of elephant, showing the thorn-like processes of dentine and cementum. E, enamel; D, dentine; C, cementum. (x 2.)
interlocking of the tissues is very complete owing to a peculiar arrangement which they were the first to describe. Thorn-like processes or projections of the cementumi extend into the enamel on one side, and similar processes extend into it from the dentine on the other side ( fig. 2 in text). As Miller points out, a similar structure is found in the compound molar of the wart-hog (Phacochaerus) and also in the teeth of the hippopotamus, but in these animals it is only the cementum and not the dentine which has these prolongations into the enamel. This interlocking of the tissues would probably be of assistance in enabling the molar of the elephant to stand the enormous strain to which it is subjected. Such an arrangement is fairly common in herbivora. On examining under the microscope a transverse section of the enamel of the Indian elephant, which also included the neighbouring areas of dentine and cementuna, I was struck with the great size of the enamel prisms. A measurement showed an average diameter in transverse section of 10 ,, while the prisms in human enamel have a diameter of from 4 , to 5 ,. Such a section shows prisms both in their transverse and longitudinal aspect, the former predominating, and the transversely cut prisms appear to overlap one another like tiles on a roof or the scales of a fish, but no prisms having a rounded or polygonal form can be seen over the whole surface of a large section. The most obvious explanation of this appearance would be that they are rounded orApolygonal prisms which are viewed obliquely, appearing to be over one another, either one or two overlapping the one in front. In this case, however, the most obvious interpretation is not the true one, except to a very limited degree, as I shall hope to show presently, for the great majority of the prisms have a concavo-convex figure in cross-section, and in longitudinal section show a convex anterior aspect, directed towards the dentine, and a single or double groove traversing the length of the prism on the posterior aspect (Plate, figs. 1, 2 and 3). This is clearly seen in fragments of enamel teased in glycerine. When von Ebner first read Smreker's paper, he thought, as I did, that this appearance was caused by the sections being viewed obliquely, but the teased preparations show that it is a real structural condition. In successfully teased preparations of elephant enamel I have found both the single and the double grooves very evident, as well as an arched shape of broken-up prisms in tranKverse section. In human enamel I -have frequently found the wing-like lateral expansions in teased preparations, and have also in many cases seen (in sections). the arcade form of the prisms seen in the elephant, but I have not been successful in finding grooved longitudinal prisms which I could clearly describe as such. I have not, however, made a very extended examination of human enamel for this purpose. I think it is certain that this form of the prism is not so general in human as it is in elephant enamel, since an examination of many sections of human enamel shows the cross-striation, which is more marked than in the elephant, to be continuous across neighbouring prisms not showing any curvature, and we see many cross-sections of human enamel which show the usually described polygonal outline.
In fig. 3 in text I have shown a transverse section of elephant's enamel, and it is plainly seen that the prisms do not show the usually described form but have a rounded anterior and a concave posterior extremity, giving a festooned appearance to the surface, as if made up of overlapping tiles. These sections when placed immediately behind one another in a single row have a single concavity at the back; the more usual arrangement, however, is alternate, and the prisms have a double concave posterior margin. It is difficult to convince oneself at first that the whole appearance is not due to an oblique view of regular polygons, but a search over a large area shows similar forms everywhere. In many parts of the sections, not only have the prisms this tile-like appearance, but they are seen to have a serrated margin, and they also appear as if grooved or ridged on the surface of the section, many prisms having a singular resemblance to the frond of a maidenhair fig. 4 in text). The convexity of the prism in the elephant seems always to be directed towards the dentine and not towards the cementum on the opposite side of the section. In longitudinal sections the prisms appear wavy, and in many places show grooves and overlapping feathered margins ( fig. 5 in text).
By means of teased preparations of elephant enamnel I endeavoured to ascertain the actual meaning of these appearances in sections. The exposed surface of the enamel was scraped with a sharp knife and the little detached fragments broken up with needles in glycerine, water, or Farrant's solution on a microscope slide. Fragments of enamel showing rows of prisms in a longitudinal aspect demonstrated that the columns were united by processes which are arranged in rows between them, giving them an appearance as if sewn together with ratlher thick and irregular stitches-these, the intercolumnar bridges of von Ebner and the processes between the rods of Leon Williams, are very distinct, and, as noticed above, are not quite regular in arrangement (Plate, fig. 9 , and fig. 7 in text). Separate groups of enamel prisins also showed very distinctly the single or double groove at the back, and I was fortunate enough in a few instances to see a prism broken in two at the summit of the groove, showing how the typical appearance in transverse section was produced (Plate, fig. 3 ). In the double-grooved prisms there is a distinct ridge between the two grooves, which appears to be continued into the ridges seen traversing the transverse section in many places. The single-grooved prisms have a very distinct ridge on either side which is of an appreciable breadth, and little knobs or projections can be seen along the ridge, apparently caused by the broken bridges connecting the ridge with the sides and convexities of the neighbouring prismi,s. A few fragments of prisms broken up transversely show various shapes, froin a single concave to a double concave posterior margin and with varying depths of the concavities, so that in some of them the prisms have become flattened out and only show very narrow grooves. Some fragments of enamel are also seen, which give very definite information as to structure. These pieces show groups of prisms in transverse or oblique section, and at one margin the grooved edges project from the surface and at (b) in Plate, fig. 10 , the whole of one of these arched prisms is seen in situ with its concavity projecting freely from the surrounding prisms.
The grooving of the prisms is seen in sections as well as in teased preparations (Plate, fig. 8 , and fig. 5 in text), and in many parts the longitudinal sections show the overlapping wing or feather processes (Plate, fig. 7 ). The photograph ( fig. 6 in text) shows, I think, very beautifully the actual arrangement of the double concave prisms. It was photographed at a crack in the enamel, and the prisms are seen both in longitudinal and transverse section, and the little shining points, apparently due to the broken connecting bridges, are also visible. A comparison of this figure with fig. 3 , Plate, fromi the teased preparation will, I think, fully confirm the view of the structure of the prisms detailed above. From this photograph and from many preparations it would appear Grooves and wing processes in the enamel of the elephant. Ground longitudinal section. (x 500.) / / that the prisms of the enamel are arranged, not in direct lines from the dentine, but that, independently of all the curves and intercrossing, they maintain a slope towards the dentine which it is very difficult to follow out or define, and may possibly be connected with the uniform curve of the enamel in all directions around the dentine. Connecting processes between the neighbouring columns of prisms are seen in human enamel, and have been described by Leon Williams; they are very evident in the elephant, and are particularly well shown in the photograph ( fig. 7 in the text). These processes are seen to pass across the interprismatic substance and form connexions with the neighbouring columns. von Ebner says that they are not seen in transverse sections of enamel, but in many places in the elephant they are very distinct (Plate, fig. 6 ), and in one of my sections of human enamel bridges are also quite clearly seen in transverse section. In fig. 7 (in the text) the bridges are seen as very clearly defined connecting processes, and it will be noticed that they are somewhat irregular in form, as are the connecting or wing processes of the prisms (Plate, figs. 13 and 14). von Ebner, however, in describing human enamel, says that these bridges never show uneven connexions between neighbouring prisms, but banded obliquely directed plates, and therefore they do not conform to the wing processes, but they certainly appear in the elephant to form uneven connexions.
The membrane-like expansions sometimes seen in teased specimens of human enamel von Ebner does not consider to be identical with the wing processes, but in teased preparations of marsupial enamel these membrane-like expansions are much larger than in other mammalian enamels; they seem to take the place of the wing processes in many places, and show a very marked fibrillation (Plate, figs. 12 and 13). That these membranous expansions and wing processes in man and the elephant are calcified is shown by polarized light, and the very irregular zigzag splitting of the wing processea is, I think, probably due to the acture of these membranous layers in teased preparations. From t is comparison with marsupial enamel I am inclined to think that wiA ;ocesses and membranous layers are one and the same thing, but teased preparations of the enamel of higher mammalia the expans ons are more completely qalcified than in marsupials, and their remain are only seen as the wing processes of the prisms.
Whil , then, the needle-like splitting of the enamel in teased preparati s is, I think, due to the longitudinal fibrillation of enamel, as I suggested above, the membrane-like fibrillar expansions, the wing processes and the bridges, I am inclined to consider as all due to the transverse fibres of the enamel matrix, which are very apparent in the forming enamel of marsupials [5] , where the teased preparations break up into laminae. These transverse fibrillar layers must become incorporated into the substance of the calcified prism, or it would scarcely be possible to account for the appearance of intercolumnar bridges in transverse section; they evidently form a portion of the solid prism (Plate, fig. 6 ). These grooved prisms are not in direct contact with one another, being separated by the interprismatic substance, which has flowed around them as it were, cementing together and compacting the whole tissue. The interprismatic substance is, however, crossed by the bridges which effect a direct communication between the prisms. Walkhoff holds that there is no interprismatic substance, that this cement substance is simply the cortical or external layer of the prisms, and that calcification in the enamel is a centrifugal process leading to a complete fusion of its whole substance. Mr. Charles Tomes considers that calcification of the enamel takes place centripetally, calcification proceeding from the periphery to the centre of the prism, and he would probably also consider that there is no true interprismatic substance. Leon Williams considers the interprismatic substance to be a separate material formed independently of the prisms, and my own investigations on the enamel of marsupials, I think, tend to confirm this view. A further confirmation of the separate formation and distinct nature of the interprismatic substance is given in a recently published paper by the late Dr. Black [6] in which he describes an endemic pathological condition of the teeth occurring in certain districts of the Rocky Mountains. This condition he calls " mottled teeth," from the alternate pigmentation and bleaching of the teeth seen in this affection. This pathological cotdition affects only the interprismatic substance and not the enamel prisms; the work of calcification appears to be reversed and the last-formed part of the enamel, the interprismatic substance, is removed by the action of some as yet unknown agent which has no effect upon the prisms. This remarkable complaint, investigated on ,the spot by Dr. Black and by means of a very carefully prepared series 'of microscopical sections, lends the greatest confirmation to the view that the prisms and the interprismatic substance are separate structures.
T'he question then arises, How are they distinct, from one anotheris the cement substance only a persistently less completely calcified ele ent of the enamel, or is it in some way of different composition ? rteon Williams stated that this substance is formed independently at SAGE Publications on June 21, 2016 jrs.sagepub.com Downloaded from of the prisms, and in my own investigations on calcification I have shown that large calcospherites in all conditions of coalescence are seen surrounding and enveloping the forming enamel prisms which are seen, as Leon Williams describes, to be built up of little blocks of uniform size. The mode of formation is thus distinct in the two calcified elements of the formed enamel, the prismatic calcification being deposited in regular, uniform bodies due to the coalescence of granules, the interprismatic substance by the fusion and disintegration of large calcospherites.
If we accept these observations of Smreker and von Ebner on human enamel as correct-and they appear to be confirmed by my own on the enamel of the elephant-the structure and arrangement of the prisms are rather more complicated than we have usually considered them. We have first the laying down of the calcifying material in granules within the fibres of the Tomes's processes of the ameloblasts described by Andrews, Tomes, and Leon Williams, which is so evident in marsupials. These granules become consolidated into blocks of the enamel substance arranged in regular order in a longitudinal series and giving rise to the appearance of cross-striation. We have also a transverse striation between and across the prisms due to a fibrillar organic structure, also derived from the epithelial enamel organ, but not seen in fully calcified enamel. These are seen in the closely applied laminae observed in the forming enamel of marsupials; these lamine I am disposed to consider form the wing processes which are seen in both calcifying and completed enamel. The lamine become incorporated in the calcified substance of both prisms and cement substance as calcification advances, and their incorporated fibres form the connecting bridges seen in both longitudinal and transverse sections.
While in human enamel many prisms show the usually described polygonal or hexagonal forms, the inajority, if not all, in the elephant possess a more or less concavo-convex figure, being grooved longitudinally, the contiguous prisms fitting into the grooves and forming a closely compacted tissue; the inter-prismatic substance, small in quantity, in fully calcified enamel, being crossed by the intercolumnar bridges. Grooves and feather or wing processes are visible in fully formed mammalian enamel. This interlocking of the prisms would appear to be an effectual arrangement to resist the effects of strain, and the immense pressure brought to bear on the molars of the elephant may be a reason why this arrangement is so general in the enamel of this animal.
The points in this investigation in which I find myself not able quite to agree with Professor von Ebner are the following:-(1) I find inter-columnar bridges distinctly visible in transverse sections.
(2) I am inclined to consider the wing processes and the membranelike fibrillar expansions as identical, the latter being very evident in marsupial enamel, where the transition from these membranes to wing processes appears to be distinctly shown.
( prisms, due to the prolongations of the Tomes's processes of the ameloblasts, as in marsupials the fibrillar projections from the prisms are often at right angles to the direction of the needle-like splitting.
(4) The inter-columnar bridges appear to be due to the transverse membranous expansions and the wing-like projections.
I do not feel justified, however, in affirming these points as to the enamels examined by Professor von Ebner, but only with regard to those mentioned in this paper, and hope by fresh preparations of human enamel further to confirm his main contentions. I would refer those who are interested in this subject to the paper by Professor von Ebner mentioned above, which gives a very full consideration not only of the form and arrangement of the prisms in man but also of the action of polarized light on the enamel prisms, the permeation of theenamel by stains, and other points connected with its structure and development.
Another noticeable fact in the enamel of the elephant is that there is a fairly regular passage of the dentinal tubes into the enamel at short intervals round the margins of the two tissues; these tubes do not, as a rule, penetrate very far, but I have traced several of them (in a section in which the dentine was stained with eosin) to the width of a dozen of the transverse sections of the prisms. Many of the so-called " enamel spindles " are also seen,.but they appear to be clearer and have not the coarsely granular appearance usually shown by thosein human enamel. I have prepared a set of models in wax and in wood of this peculiararrangement of the enamel prisms in the elephant, and these demonstrate the special points in this structure probably better than any detailed description. The scale of magnification adopted in making the models is approximately 800 diameters.1 I These models were shown at the meeting. 
